This investigation considers the wake states of a cylinder subjected to forced oscillations at frequencies close to the Karman frequency. Two distinctly di!erent wake states are observed. The emphasis is on the transition between these states, which is characterized in terms of the lift force on the cylinder and the instantaneous patterns of vortex structures in the near-wake. As the frequency of oscillation increases, there is simultaneously an abrupt jump in the lift force and a change in the mode of vortex shedding. The jump in the lift force involves a sharp increase in the magnitude of the lift coe$cient and a phase shift of the order 1803. The corresponding mode change involves an alteration in both the timing of the vortex initially shed from the cylinder and the overall pattern of vortices in the near-wake. Whilst previously these changes have been observed individually in separate forced vibration investigations, we show conclusive evidence that these two events are intrinsically linked. Moreover, for a narrow band of frequencies, a self-excited transition is possible, where the wake state changes while the cylinder oscillates at a constant frequency.
INTRODUCTION
FLOW PAST A STATIONARY CYLINDER results in organized vortex shedding at a characteristic frequency f M . Controlled excitation of the cylinder at frequencies f C , close to the frequency f M of the natural instability, results in signi"cant changes in both the wake structure and the forces on the cylinder.
The interaction of a #ow "eld and an oscillating cylinder has received extensive investigation. An early study by Bishop & Hassan (1963) found that, as f C /f M increased through unity, the lift force showed a sharp increase in amplitude and a phase &&jump'' of close to 1803. Similar changes in the lift force have been observed by a number of researchers including Sarpkaya (1995) , Gopalkrishnan (1993) and Staubli (1993) . Separate studies have shown that there are also signi"cant changes in the vortex patterns of the near-wake around f C /f M "1; these investigations have focussed on either qualitative or quantitative visualization. Williamson & Roshko (1988) , in their extensive mapping of vortex shedding modes, observed a change in the mode of vortex shedding from 2P to 2S. Changes in the wake have also been described in terms of the timing of the initially formed vortex: Ongoren & Rockwell (1988) and Gu et al. (1994) found that as f C /f M increased there was a systematic doi:10.1006/j#s.2000.0363, available online at http://www.idealibrary.com on 0889}9746/01/040523#10 $35.00/0shortening of the wake, until at a critical f C /f M close to unity, there was an abrupt change in the sign of the initial vortex. This change in timing is related to an alteration of the near-wake topology. Furthermore, the near-wake of an oscillating cylinder is directly analogous to the wake from the thick trailing edge of a plate. Staubli & Rockwell (1989) and Lotfy & Rockwell (1993) have de"ned a change in timing of the initially shed vortex similar to that of the foregoing cases of the wake from a circular cylinder.
A link between the wake mode and forces on the cylinder was established numerically by Blackburn & Henderson (1999) . They found that a change of the lift force on the oscillating cylinder was associated with a change in the timing of the initially shed vortex. However, they did not observe the 2P mode of vortex shedding described by Williamson & Roshko (1988) . This may have been due to their simulation being two-dimensional, and also at a low amplitude of oscillation and Reynolds number. They also found that, for a given f C /f M , the wake could exhibit two di!erent states and that these states were not always stable. Staubli & Rockwell (1989) show that, for controlled oscillations of the thick trailing edge of a plate, there is a relationship between the switch in timing of the initially shed vortex and an abrupt change in the phase and magnitude of the lift force determined from pressure measurements.
Both the jump in the properties of the lift force and the change in either the mode of vortex shedding or the sign of the initial vortex, have been observed over a wide range of Reynolds numbers and oscillation amplitudes. While the "ner details of these changes may vary with #ow parameters such as Re and A/D, the abrupt changes described above appear to be a robust feature of these #ows. The present work is an experimental investigation of the link between changes in the wake of an oscillating cylinder and the forces on the cylinder. In particular, we focus on patterns of vorticity and their relationship to the amplitude and phase of the unsteady lift.
An interesting aspect of the forced oscillation of a cylinder is how it relates to self-excited vibration induced by vortex shedding. Recently, the elastically mounted cylinder has received considerable attention, particularly for cases with low mass damping. As the reduced velocity is varied, there are abrupt changes in the amplitude of oscillation and the phase of the lift force. These features have allowed the #ow to be categorized into di!erent branches, as presented by Khalak & Williamson (1999) . Brika & Laneville (1993) found that, as their long vibrating cable moved from the initial branch to the lower branch, there appeared to be a corresponding change in the mode of vortex shedding from 2S to 2P. More recently Govardhan & Williamson (2000) have presented evidence that, as the reduced velocity decreases (analogous to an increase in f C /f M ), the movement of the #ow state from the upper or lower branch to the initial branch corresponds to a change in the mode of vortex shedding from 2P to 2S, and a change in the phase of the vortex lift force. They also observed a change in the timing of vortex shedding and therefore a change in the sign of the initially formed vortex. The changes in the forces and wake modes in vortex-induced vibrations appear to have many features in common with the simpli"ed case where the cylinder oscillations are forced.
EXPERIMENTAL METHOD
The experiments were performed in a free-surface water channel at Lehigh University. The working section had a width of 914 mm, depth 609 mm and was 4928 mm long. The free-stream velocity ; was 0)090 m s\ with a turbulence level of less then 0)1%. A schematic of the experimental apparatus is shown in Figure 1 was used to oscillate the cylinder transverse to the free stream such that its vertical motion was given by
where A is the amplitude of oscillation and f C is the frequency of oscillation. The amplitude of the oscillations was held constant at A/D"0)5, while the frequency was varied over the range 0)54f C /f M 41)4. For each value of f C /f M , the cylinder started oscillations from rest at t"0, corresponding to the beginning of the force traces. Following each experiment, the cylinder remained stationary in the free stream for a time equivalent to more then 500 KaH rmaH n cycles.
A cross-section of the #ow was illuminated by a laser sheet, as shown in Figure 1 . A transparent laser window incorporated into the cylinder allowed the laser to illuminate the #ow on the opposite side of the cylinder. The velocity "eld around the cylinder was measured using a laser scanning version of high-image-density particle image velocimetry, described by Rockwell et al. (1993) . The images were recorded on high-resolution 35 mm "lm and digitised at 106 pixels/mm. The velocity "eld was calculated by employing a singleframe cross-correlation technique. An interrogation window of 90;90 pixels and overlap ratio of 0)50 resulted in a velocity "eld with 3700 vectors.
The span-averaged forces on the cylinder were measured using strain gauges in a full Wheatstone bridge con"guration. For each experiment 5000 data points were sampled at a Nyquist frequency of 6)25 Hz. The inertia forces due to the vertical acceleration of the cylinder were calculated and subtracted from the lift force. For the range of frequencies studied, the wake was &&locked-on'' to the cylinder oscillation and the dominant frequency in the lift forces was f C . Thus, the lift force can be approximated by a sinusoidal function:
where C * is the amplitude of the lift coe$cient and is the phase with respect to the cylinder displacement, y(t). Both C * and were calculated in the time domain using data points corresponding to more than 400 cylinder oscillations.
RESULTS AND DISCUSSION

RELATION OF LIFT FORCES TO WAKE MODES
The amplitude and phase of the lift coe$cient are shown as a function of f C /f M in Figure 2 (a).
At low values of f C /f M , the lift force has a small amplitude and is approximately out-of-phase 526 with the cylinder displacement, y. As f C /f M increases, the lift properties do not vary signi"cantly until f C /f M "0)81. At this value, there is simultaneously an abrupt increase in C * and a drop in such that the lift force is approximately in-phase with the cylinder oscillation. The sharp jump in the lift properties has been observed in previous studies: Bishop & Hassan (1963) , Sarpkaya (1995) , Gopalkrishnan (1993) and Staubli (1993) . As f C /f M increases further, the lift properties change gradually: C * increases and decreases. The simultaneous jump in C * and is indicative of signi"cant changes in the cylinder wake. The sharp change in the lift properties is referred to herein as a transition from a lowfrequency lift force to high-frequency lift force. The properties of the lift force can now be associated with either low frequencies before transition, or high frequencies after transition. Before transition, C * is small and is large, while after transition C * is large and is small, and generally negative. The value of the lift phase indicates the direction of energy transfer between the cylinder and the #uid. When 0( (1803, there is positive energy transfer from the #uid to the cylinder. The oscillation of an elastically mounted cylinder requires positive energy transfer to the cylinder and therefore the lift phase is restricted to values 04 41803. However, when the cylinder is forced to oscillate, all values of are physically possible. For the case presented here, the direction of energy transfer went from positive to negative as passed though 03. Generally speaking, for forced oscillations, the value of , and therefore the direction of energy transfer, may also depend on Re and A/D.
We now consider transition in terms of the structure of the near-wake. The instantaneous vorticity "elds in Figure 2 Comparing the two cases, we see that the vortex structures in the near-wake are of opposite sign. At f C /f M "0)806 a negative vortex structure is formed from the attached shear layer and a positive initial vortex forms close to the cylinder. After transition, at f C /f M "0)869, the structure that is shed into the wake is positive and the initial vortex is negative. The change in sign of the vortex structures is consistent with the shift of approximately 1803 in the lift phase. In the present investigation, a similar change in timing was also evident at lower amplitudes of oscillation; however, in these cases the formation of the 2P wake mode was not well de"ned. This "nding is consistent with previous work at low amplitudes, including that of Gu et al. (1994) and will be reported in a forthcoming publication.
We now consider in more detail the wake modes on either side of the transition region. Figure 3 shows the time evolution of the vortex structures during the downwards stroke of the cylinder. At the top of the oscillation, the low-frequency wake ( f C /f M "0)806) has a long negative vortex structure extending across the back of the cylinder and into the lower half of the wake. However, at the same phase of the oscillation cycle the attached negative vorticity in the high frequency wake ( f C /f M "0)869) takes the form of a small concentrated structure at the back of the cylinder. As the cylinder moves downwards, the negative vorticity in the low-frequency wake is shed as two separate structures. The vorticity from the end of the attached shear layer is shed into the lower half of the wake and forms a counter-rotating pair with previously shed vorticity. The negative vorticity closer to the cylinder is shed into the upper wake, and eventually forms a second counter-rotating pair during the next half-cycle. Thus, the vorticity forms two counter-rotating pairs per cycle, which is commonly described as the 2P mode of shedding. However, the mode of vortex shedding in the high-frequency wake is clearly di!erent. As the cylinder moves downwards, a single positive vortex is shed. In the next half-cycle, the shedding of a single negative vortex results in the classical Karman, or 2S, mode of shedding. At the transition from the low-frequency state to WAKE STATES OF AN OSCILLATING CYLINDER Figure 3 . The evolution of vortex structures during the downward stroke of the cylinder. The left-hand side column shows the low-frequency wake mode before transition ( f C /f M "0)806), while the high-frequency wake mode after transition ( f C /f M "0)869) is on the right. The position of the cylinder for each image is shown in the displacement inserts beneath the "elds.
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the high-frequency state, we observed not only a change in the timing of vortex shedding, but also a change in the mode of vortex shedding.
The two modes of vortex shedding generate signi"cantly di!erent distributions of vorticity downstream of the cylinder. In the high-frequency wake, negative vorticity is found predominantly in the upper half of the wake, while the lower wake is dominated by positive vorticity. However, for the low-frequency wake, vorticity of both signs is found throughout the vertical extent of the wake.
The wake states either side of transition can now be described in terms of both the lift force and the structure of the near-wake. For the low-frequency wake state, C * is small and is large, while the structure of the near wake is characterized by the wake shown in Figure 2 (b), with a positive initial vortex. Whilst for the high-frequency wake state C * is large, is small and the near-wake structure is characterized by the wake in Figure 2 (c).
TRANSITION
In order to understand the nature of the transition between wake states we focused on frequencies close to transition. Representative images are shown in Figure 4 . At each value of f C /f M , the wake state at t"0 is that of a stationary cylinder in a free stream. For t'0 the cylinder oscillates at a constant frequency and the oscillating wake appears to be fully established in less than 10 oscillations. For a narrow band of frequencies close to transition, after many oscillations, self-excited changes were observed in the lift properties. We will now show that these changes correspond to a self-excited transition from the low-frequency state to the high-frequency state.
The lift trace for a typical self-excited transition is shown in Figure 4 (a). The corresponding instantaneous values of the amplitude and phase of the lift coe$cient are shown in Figure 4 (b). In this example, the transition begins after more than 150 oscillation cycles. For time less than 97 s the lift forces are consistent with the low-frequency state described previously: the lift coe$cient is of small amplitude and the lift phase is large. Conversely, for times after 128 s the lift force is consistent with the high-frequency wake state. In-between these two states is a transient transition region where the lift force is not consistent with either state. The expanded time trace in Figure 4 (c) shows the changing relationship between the lift and displacement within the transition region.
It is expected that the self-excited transition in the magnitude and phase of the lift coe$cient corresponds to a change in the structure of the near-wake. The wake patterns in both Figures 4(d) and (e) were acquired at the top of the oscillation cycle, at the times indicated on the lift trace. These images are representative of the wake structures either side of the self-excited transition. Despite the fact that the oscillation frequency is constant, these wake states are clearly di!erent. The wake structure shown in Figure 4 (d) corresponds to values of lift magnitude and phase that are consistent with the low-frequency state. The wake is shedding in the 2P mode and is clearly consistent with the steady-state lowfrequency state, described in conjunction with Figure 2(b) . Similarly, Figure 4 (e) correlates well with the steady-state high-frequency wake mode of Figure 2(c) . Thus, the wake states either side of the self-excited transition are consistent with the wake states at much lower and higher frequencies.
For the self-excited transition, the instantaneous magnitude and phase of the lift coe$cient change smoothly from their low-frequency values to high-frequency values. However, within this transition region we observe that the change in occurs slightly before the change in C * . After transition, there is some variation in the magnitude and phase of the lift coe$cient, which was not observed at higher values of f C /f M . During this variation, there is a clear inverse relationship between the instantaneous values of C * and ; however, once the high-frequency state was established by a self-excited transition, a return to the low-frequency state was never observed.
CONCLUSIONS
In this paper we have described a transition between two wake states which exhibit distinctly di!erent lift forces and wake modes. The interaction between the natural instability of the wake and the forced oscillation plays an important role and the #ow properties depend strongly on f C /f M . At values of f C /f M close to unity the changing relationship between these instabilities results in an abrupt change in the wake state.
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Our investigation showed that changes in the lift force are intrinsically related to changes in the structure of the near-wake. As f C /f M increased there was a transition from a small amplitude lift force, which was approximately out-of-phase with the cylinder oscillations, to a large amplitude in-phase lift force. Simultaneously, there was a change in the sign of the initial vortex and the mode of vortex shedding went from 2P to 2S. The change in the mode of vortex shedding appears to be related to the change in the timing of vortex formation, which is in turn related to the shift in the lift phase. For forced oscillations of the cylinder over a wide range of amplitudes, further consideration should be given to the occurrence of a change in timing of the initially shed vortex as a consistent requirement for the jump in the lift properties, as well as its relationship to the occurrence of, and transition between, the 2P and 2S modes.
For a narrow band of f C /f M , we observed a self-excited transition at a constant frequency of oscillation. Immediately following start-up, the lift force and wake mode conformed to the low-frequency wake state. After a number of oscillations, the lift force and wake mode changed smoothly until they were both consistent with the high-frequency wake state. The self-excited transition depends on the relative stability of three wake states: the low-and high-frequency wake states and also the wake state of the stationary cylinder before start-up. Therefore, the existence of this self-excited transition and the way in which it occurs may also depend on #ow parameters such as A/D and Re.
